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There are two contemporary conflicting, indeed, incompatible determinations of measurements of the
enthalpies of combustion and of formation of pyrazine-2-carboxylic acid in the literature,
(�2268.0 ± 0.9 and �271.2 ± 1.1 kJ �mol�1) and (�2211.4 ± 0.9 and �327.8 ± 1.1 kJ �mol�1). The current
paper discusses these two sets of values and from the use of a measurement of the enthalpy of sublima-
tion, a newly evaluated enthalpy of formation of pyrazine itself, and of the quantum chemical calcula-
tions at the G3(MP2)//B3LYP level, the former results are accepted and the derived gas phase enthalpy
of formation, �(167.6 ± 3.1) kJ �mol�1, suggested.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction 24 heterocyclic anions, among other constituents), that were
Pyrazine-2-carboxylic acid (also occasionally called pyrazinoic
acid) is a comparatively simple heterocyclic derivative. It has but
one substituent on a 1-ring, 6-membered aromatic species with
but two non-carbon atoms. This species has long been known with
multiple applications. Adapting the approach from the old,
pioneering study by Gabriel and Sonn [1], Hall and Spoerri reported
a particularly simple synthesis of pyrazine-2-carboxylic acid
some 75 years ago [2]. This was part of a study to synthesize
2-aminopyrazine and its derivatives. This synthesis made use of
pyrazine-2,3-dicarboxylic acid where we recognize that two years
earlier, Spoerri and Erickson [3] studied the 2,5-dicarboxylic acid
isomer and its transformation into the corresponding diamino
counterpart and derivatives.

For many years through the present, pyrazine-2-carboxylic acid,
accompanied by its salts and acyl derivatives, has been known to
have interesting and important properties. Indeed, the last calendar
year (2015) saw the publication of mixed metal pyrazine-2-
carboxylate salts (including an assemblage that contains 30 cations,
reported [4] to have novel magnetocaloric properties associated
with novel nanosized metallorings. Pyrazine-2-carboxylic acid, as
its amide, is among the most effective medicines against tuberculo-
sis. Yet in a contemporaneous review [5], it was acknowledged that
the in vivo therapeutic form, the acid itself, still lacks a molecular
mechanism for its activity. Combining both thematerial andmedic-
inal chemical concerns, aerosols containing pyrazine-2-carboxylate
salts (with protonated L-leucine and ammonium counterions) have
been suggested with improved anti-tubercular activity [6].

Pyrazine-2-carboxylic acid has also attracted the interest of
thermochemists. Ribeiro da Silva and her co-workers [7] measured
the enthalpies of combustion and of sublimation of this species
and from these measurements (�2268.0 ± 0.9 and 103.6 ±
2.9 kJ �mol�1) derived the standard enthalpies of formation of solid
and gas phase to be �271.2 ± 1.1 and �167.6 ± 3.1 kJ �mol�1. Three
years later [8] independently determined the former quantity as
the numerically incompatible (�327.8 ± 1.1) kJ �mol�1 derived
from the incompatible measured combustion value of
(�2211.4 ± 0.9) kJ �mol�1. The corresponding gas phase value
was not discussed (in fact, the aforementioned values were not
mentioned) – accepting the enthalpy of sublimation from reference
[7] results in (�224.2 ± 3.1) kJ �mol�1 for an alternative value for
the gas phase enthalpy of formation of pyrazine-2-carboxylic acid.
The current paper discusses which, if either, value of the gas phase
enthalpy of formation of pyrazine-2-carboxylic acid is to be
accepted. Our analysis begins with quantum chemical calculations
on pyrazine-2-carboxylic acid and related species.
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2. Computational details

Calculations were performed for three conformers of pyrazine-
2-carboxylic acid, and auxiliary molecules used in this work,
namely, benzoic acid (two conformers, the H-bonded and the
non-H bonded, were studied), benzene and pyrazine, using the
G3(MP2)//B3LYP composite method [9]. In this method the geome-
tries are fully optimized at the B3LYP/6-31G(d) level and the sta-
tionary points obtained are characterized as minima through
frequency calculations at the same level. Then, single point energy
calculations are performed at higher levels of theory: QCISD(T)/6-
31G(d) and MP2/GTMP2Large. The final absolute G3(MP2)//
B3LYP enthalpies, at T = 298 K, are obtained correcting the elec-
tronic energies by introducing the vibrational, translational, rota-
tional and the pV terms computed at the B3LYP/6-31G(d) level.
Calculations were performed with the Gaussian 03 series of pro-
grams [10].

3. Results and discussion

The conformers under consideration for pyrazine-2-
carboxylic acid are shown in figure 1. In table 1, we present
G3(MP2)//B3LYP calculated absolute and relative enthalpies, at
T = 298 K, for the three conformers of pyrazine-2-carboxylic
acid. Also presented are entropy values and relative Gibbs ener-
gies, at T = 298 K. As can be seen from this table the calcula-
tions predict the conformer with an N� � �H–O hydrogen bond
to be the most stable. The conformational composition, xi, of
each conformer i, in the gas phase, at T = 298 K, was calculated
through equation (1):

xi ¼ e
�

DG�
rel

ðiÞ
RT

h i

Pn
i¼1e

�
DG�
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ðiÞ

RT

h i ð1Þ

To estimate the standard molar enthalpy of formation of each
pyrazine-2-carboxylic acid conformer from the respective absolute
enthalpy, at T = 298 K, we have considered the following
homodesmotic reaction:
         (I)                                              (II)      

FIGURE 1. B3LYP/6-31G(d) optimized geometries of th

TABLE 1
G3(MP2)//B3LYP results for pyrazine-2-carboxylic acid conformers and auxiliary molecule

Conformer/auxiliary molecule H298K/Hartree DHrel/kJ �mol�1 S

Pyrazine-2-carboxylic acid (I) �452.281447 0.0 3
Pyrazine-2-carboxylic acid (II) �452.277704 9.8 3
Pyrazine-2-carboxylic acid (III) �452.276158 13.9 3
Benzoic acid (I) (H-bonded) �420.210276 0.0 3
Benzoic acid (II) (non H-bonded) �420.201053 24.2 3
Pyrazine �263.908215
Benzene �231.835172
pyrazine-2-carboxylic acidþ benzene ! benzoic acidþ pyrazine

ð2Þ
This reaction was chosen to be homodesmotic (there is a bal-

ancing in hybridization in addition to conservation of bond types)
thus presumably leading to cancelation of most of the correlation
energy errors inherent in quantum chemical calculations. Also,
gas-phase enthalpies of formation, at T = 298 K, of the auxiliary
molecules used in reaction (2) are well established experimentally:
benzene, (82.6 ± 0.7) kJ �mol�1 [11]; benzoic acid, (�294.0 ± 2.2)
kJ �mol�1 [11]; pyrazine, (203.2 ± 1.5) kJ �mol�1 [12].

Combining the calculated reaction enthalpy for each conformer
with the experimental values for the auxiliary molecules, we were
able to estimate the standard molar enthalpy of formation of each
conformer in the gas phase, at T = 298 K. Results are presented in
table 1. The enthalpy of formation of pyrazine-2-carboxylic acid
in the gas phase, at T = 298 K, was calculated using the following
equation:

DfH
o
298 K ¼

Xn

i¼1

xiDfH
o
mðiÞ ð3Þ

and the derived value is �168.0 kJ �mol�1.
It is found that the experimentally determined enthalpy of for-

mation of pyrazine-2-carboxylic acid as measured by [7] is in
nearly perfect agreement with that of the current study. Con-
versely, it is about (60 kJ �mol�1) different from that value derived
from the enthalpy of formation study in [8] and the enthalpy of
sublimation study [7]. As such, we recommend the thermochemi-
cal values from [7]. Some literature values of other species are
impacted by our analysis. The first set of species is made up of
other mono-substituted derivatives of pyrazine and the corre-
sponding pyridines. Returning to the analysis in [7], we find the
values of the enthalpy of formation of these pyrazine derivatives
were compared to that of pyrazine, a value taken from [13]. Recall
earlier in our analysis, we used a more recent value [12] that is ca.
7 kJ �mol�1 less negative than the archival value derived from this
source [11]. It was earlier asserted [7] that ‘‘increments for pyra-
zine point for a lower stabilization for about (16 to 20) kJ �mol�1,
in comparison with the same substitution on the pyridinic ring”.
                                          (III) 

e three conformers of pyrazine-2-carboxylic acid.

s used in this work.

�/J � K�1 �mol�1 DGo
rel/kJ �mol�1 xi DfH

o
298K(g)/kJ �mol�1

49.94 0.0 0.9574 �168.49
55.18 8.3 0.0341 �158.66
57.17 11.7 0.0084 �154.60
56.21 0.0 0.9999
57.81 23.7 0.0001
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This discrepancy was left unexplained. Using the new value for the
enthalpy of formation of pyrazine reduces the discrepancy to ca.
(10 kJ �mol�1) which is still larger than expected, or desirable,
but at least it is considerably more acceptable. We also note that
there are no comparable thermochemical data, neither experimen-
tal nor by calculations, on related substituted pyridazines (2 iso-
mers) and pyrimidines (3 isomers) and so the effect of two
nitrogen atoms instead of one on the thermochemistry of azine
derivatives remains unknown.

The second set of species with affected enthalpies of formation
is composed of diverse salts of pyrazine-2-carboxylic acid. The
authors of reference [8] published a set of papers on the thermo-
chemistry of these metal-containing species. These involved
enthalpies of formation and heat capacities, e.g. that of Na+ [14]
and Cr3+ [15]. As the former quantity involves both solution phase
reaction and combustion calorimetry of solid pyrazine-2-
carboxylic acid, a new value for the solid phase enthalpy of forma-
tion of this species necessarily affects that of these and other metal
salts.
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Appendix A

Some decades after the synthesis of pyrazine-2-carboxylic acid,
Prof. Spoerri attempted to transform one of the authors (JFL) of this
current paper into an experimental chemist [16].
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